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RESEARCH MEMORANDUM

AN INVESTIGATION OF THREE TRANSONIC FﬁSELAGE ATR INLETS
AT MACH NUMBERS FROM 0.4 TO 0.94 AND AT
A MACH NUMBER OF 1.19

By Robert E. Pendley, Herold L. Roblnson,
and Claude V. Williams

SUMMARY

An investigatlon of three air inlets which were designed for use at
transonic .speeds was conducted in the Langley 8-foot high-speed tunnel.
The basis of lhe design of these Iinlets was the use of a nose which was
shaped so that substream velocities are masintained on its surface for
high~speed operating conditions. Since subsonic velocities would there-~
fore exist on the nose surface up to & limiting supersonlc Mach number
determined by the nose shape, adverse boundary-lesyer shock-interaction -
effects on the nose shead of the Inlet could be avoided at least up to
this Mach number.

The three inlets were investigated at an angle of sttack of 0° and
an angle of yaw of 0° for a Mach number range extending from approxi-
mately 0.4 to 0.94 and for a supersonic Mach number of 1.19. The inlet-
veloclity~ratio range extended from O to a msximum value of 1.9. Measure-
ments included external-surface pregsure distribution, wake-survey drag,
and impact-pressure recovery of the Internsal flow.

The results of the Investigation showed that the meximum values, of
impact-pressure-recovery coefficient were high (approximately 0.96 at
the inlet of configuretion A) and were 1little affected by Mach mumber
over the range investigated. ILarge external-drag lncreases were shown
for a1l subsonic Mach numbers when the inlet-velocity ratio was reduced
to low vaelues because of elther external-flow separation st the inlet
lip or increased shock losses., At inlet-velocity ratios in the range
of those ratios suitsble for high-speed operating conditions, the wake-
survey drag coefficlient for one of the configurations rose sharply above
a Mach number of 0.8. The use of an external shape of higher critical
speed in another configuration led to very little increase in the drag
up to & Mach number of 0.9% and led also to a substantial reduction in
the supersonic external pressure-drag coefficient. The supersonlc
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pressure drag of this higher-critical-speed configuration was estimated
to be spproximately equal to that of the NACA 1-40-200 nose inlet and
30 percent greater than that of a closed nose of fineness ratio 6.0.

INTRODUCTION

An investigation af & fuselage-side air. inlet designed for use st
transonlc speeds hes been reported in references 1 and 2. The inlet
configuration of reference 1 consisted of an NACA l-series nose inlet
(reference 3) of relatively large inlet diameter with a long protruding
central body. Three nose or central-body profiles designed to maintain
substream veloclties over the nose surface under high-speed opersting
conditions were studied. Since subsonic velocities would exist every-
where on the surface of each of these noses up to a limiting supersonic-
flight Mach number determined by the nose shape, adverse boundary-layer -
shock-interaction effects on the fuselage nose ahead of the inlet would
be avolded at least up to this Mach number. The inlet investigated in
reference. 2 was the same as one of the inlets of reference 1 except that
a pilot's canopy and nose-wheel falring were added to mske a twin side
inlet of the basic annular inlet.

The tests of references 1 and 2 were conductedq at low speeds. The
present paper reports an investigation at transonic speeds of the type
of inlet studied in these references. Measuréméntg of éxternal-surface
pressure distributions, extermal skin friction and shock losses, and
internal impact-pressure recovery are analyzed.

SYMBOLS
A stream tube area
c mass-flow coefficient _( n )
p FV
o o
drag
Cds wake-survey drag coefflcient (7535)
c external pressure-drag coefficient drag
Dp aF
. drag
CFC central-body pressure-drag coefficlent 7i;F
D nose~inlet or cowling meximum diameter
Dp external pressure drag
SOVl
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F : model reference area (Eﬁf?
i total pressure
m internal mass-flow rate
M Mach number
P static pressure
: P - P,
P .+ pressure coefflcient —_—
Q0
PCr ' critical pressure coefficient, corresponding to local
Mach nuwber of 1.0
q dynamic pressure (%pve)
r radius, measured from model center line
R meximum nose-inlet or cowllng radius (-2]2)
v velocity
V1
V- sysetem inlet-velocity rstio
o
WL distance from horizontal plane containing model center
line, positive upward
X longifudinal distence from Inlet 1lip, positive rearward
Yi ordinate of lnner-lip surface, measured from 1lip
reference line (fig. 1) '
zZ lateral distance measured from plene of symmetry
H-Dpo average impact-pressure-recovery coefficlent
Ho - Po av il
1 f <___H - Do )d.A
(A A Hy = Po

[o) alr density
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Subscripts

o free stream

R inlet stetion (minimum duct area just behind inlet 1ip)

c central body

d diffuser rake station

e inlet rake ststion {(just shead of minimum aree station,
see fig. 1)

£ external fuselage surface from inlet to maximum-diameter
station

P - pllot's canopy

v venturi rake station

w noge-wheel fairing

APPARATUS AND TESTS

Tunnel.- The tests were conducted in the Langley 8-foot high-speed
tunnel. The tunnel test section was designed for subsonic test Mach
numbers extending up to 0.99 and for a supersonic Mach nmumber of 1.2.
The serodynemlc characteristics of the test sectlon are presented in
reference 4., For tests at the supersonic Mach number, the central-body
apex of each model was located 50 inches downstream of the tunnel
effective-minimum~area station; the Mach number in the region of the
model was 1.19. TFor tests at the subsonlic Mach numbers, the central-
body apex of each model was located 10 inches forward of the tunnel
effective-minimum-area station.

Condensation'effects at the tunnel test section were aveoided by
controlling the stagnation temperature by means of the tunnel exhaust
and intake wvents.

Models.- Three model confilgurations were investigated. One of the
models, designated inlet A, is shown in the upper part of figure 1, and
was similar to thet investigated at low speeds in reference 2. The
same nose inlet or cowling, the NACA 1-85-050, was used. The "short
conlcel nose" of reference 1 was used for the central-body shape, and
the canopy lines of reference 2 were used for the external cenopy shape.
A rounded nose-wheel falring similar in shape to the canopy was used
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pursuant to & reccmmendation of reference 2. Coordinates for the canopy
and nose-wheel falring are presented in tables I and IT.

The other model configurations are shown in the lower part of fig-
ure L. An NACA 1-80-100 nose inlet was fitted with two interchangeable
central bodies. The conical central body was identical with the central
body of inlet A, and the profile of the curved central body (shown as &
dashed line) was taken from reference 1. Central-body coordinates are
given in table ITI. When equipped with the conical central body this
inlet is designated inlet B, and with the curved central body, inlet C.
These 1nlets were lnvestigated only as annular inlets. The maximum
diemeter of both NACA l-series nose inlets was 3 lnches.

Inlet B was designed for the purpose of investigatling the effect
of using a higher-criticasl-speed external surface rearward of the inlet
lip. As stated in reference 1, the curved ‘central-body profile of
Inlet C was designed for increase& volume within the nose.

The NACA l-series nose Inlets used as the basic components of the
inlets utilized inner-1ip nose radli 1.5 times normal after a suggestion .
of reference 3. Coordinates of the inner-lip fgiring are given in fig-
ure 1, and the external—cowling ordinates may be obtalined from refer-
ence 3. -

Model mounting.- The models were mounted on & sting which wes
supported along the tunnel axis (fig. 2). Bearings in the sting supports
permitted longlitudinel motion of the sting so that the model could be
conveniently positioned in either the subsonlc or supersonic test sectlon.
Three guy wires (fig. 2) were used to riglidly fix the models at an angle
of attack of 0° and a yaw angle of o°.

Comnecting members between the inlet models and sting are shown 1n
figure 3. The models were mounted on & length of strelght pipe of 3-inch
outside dismeter; this pipe was attached to a tapered pipe which was
terminated at the exit of the lnternal-flow duct.

Internal-flow ducting and instrumentation.- Internasl~flow rate was
regulated by controlling the exit sres by means of the sliding ball shown
in figure 3. The internal flow was diffused from the inlet to the
stralight pipe, then expanded through a venturi, and finally diffused to
the exit. The length of straight pipe between the inlet and venturl was
provided to reduce the rotational varistions of the flow at the venturi.
Angular surveys at the wventuri showed that the flow there was closely
axially symmetric so that it was possible to use a single diametrical
survey rake of total—pressure and static—pressure tubes for measuring
the mass flow.
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Survey rekes of total-pressure tubes were used to measure Impact-
pressure recovery in the internal-flow ducts. Inlet A was equlipped with
a raeke neer the inlet of the right duct and one in the diffuser of the
left duct. The locations of these rakes are shown in figure 1. The
diffuser reke was locasted at thet point in the diffuser where the duct
area was 2.31 times the inlet area. This rake was constructed of tubes
with 0.020-inch outside dismeter and 0.010-inch inside diameter. The
inlet rake was made of 0.040-inch-dismeter tubing, the ends of which
were flattened to form openings sbout 0.005 by 0.045 inch. The tubes of
this rake were led out through the external-model surface and downstresm
in a flat belt normsl to the surface.

Inlets B and C were equipped with a total-pressure rake located
1.29 inches downstream of the inlet lip, where the duct area was approxi-
mately 30 percent greater than the inlet area. This reke was constructed
and mounted like the inlet reke of inlet A.

External pressure orifices and wake-survey rake.- For each inlet,
pressure distribution was measured on the external surface reasrward of
the inlet by a single longitudinal row of pressure orifices, and on
inlet A a single pressure orifice was located on the central body
0.3 inch ahead of the Inlet. The locations of these orifices are shown
in figure 1. :

An external survey reke of total-pressure and static-pressure tubes
was used to measure external houndary lsyer and shock losses at subsonic
Mach numbers. The position of this rake is shown in figure 3. The
first elght inboard tubes of the reske had an ocutslde dismeter of
0.030 inch and were assembled in a solid band with the first tube in
contact wlth the model surface. The other tubes of the rake had an
outside dlameter of 0.050 Inch. Statlic-pressure tubes were offget
about 0.3 inch from the plane of the total-pressure tubes.

Tegts.-~ Date were recorded by photographing multitube menometers
for a range of free-stream subsonic Mach numbers extending from approxi-
mately O.4 to 0.94 and for the supersonic Mach number of 1.19. The
corresponding Reynolds number renge, based on the cowling meximum
diemeter, extended from approximately 6.1 x 105 to 9.8 X 105. The inlet-
veloclty ratlo was varled from O to a maximum value of 1.G.

Measurements at the Mach numbers of 0.9 and 1l.19 were made both
without and with artificial transition strips applied to the central
body snd extermal cowling surface of inlet A. These strips were
3/16 inch wide end were made of No. 60 carborunédum grains cemented to
the surface. The tralling edge of the clrcumferential strip on the nose
was sbout 1.5 inches forward of the inlet. The strip on the external
cowling surface was placed with its leading edge at the inlet 1lip and
was not applied to the canopy or nose-~wheel falring surfaces.
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METHODS AND PRECISION

Tunnel~wgll correctlons.- Because of the smsll size of the model
relative to the tunnel test-section dimensions, no wind-tunnel-wall
corrections have been applied to the data.

Inlet-velocity raebio.- The values of inlet-velocity ratio given 1in
this paper were calculated from the Internal mass-flow rate and the inlet
area. (See reference 5.) Isentroplic flow was assumed from the free
stream to the inlet for subsonic Mach numbers; and for the supersonic
Mach number, an inlet total-pressure decrement equal to the total-pressure
loss through a normal shock from the free-stream Mach number was assumed.
These values of inlet-veloclity ratio are thus of a& nominal ngture because
of the presence of boundary layers and velocity gradients at the inlet.

A chart is provided in figure % for convenient conversion from inlet-
velocity ratio to either the mass-flow coefficient A,/A;, which is based
on the inlet area, or the mass-flow coefficlent C, which 1s based on

the reference area F.

The precision of the inlet-velocity-ratic calculations was
influenced by the free-stream Mach number, the Internal-flow rate, and
the inlet area. The largest errors for inlet-veloclty ratlios of 0.1
and 0.6 were approximately £0.05 and x0.02, respectively. The maximum
error in Inlet-veloclty ratio grew smaller as the inlet-veloclity ratio
was increased above 0.6 until, for the free-stream Mach number involved,
choking st the Inlet was approached. At that polnt the maximmm error was
emplified to approximately £0.03 as a result of the rgpld rate of change
of inlet-veloclty ratio with mass-flow coefficient near inlet-choked
conditions. The error ln mass-flow coefficient always regulsrly decreased
with increasing flow rate.

The inlet-velocity ratio at which the data indicate that the inlet
was choked in some cases was substantlially less (by approximstely 0.13
in one instance) than the one-dimensional value which can be calculated
from the ratio of the inlet to the free-stream Msch number for en inlet
Mach number of unity. Part of this discrepancy may be ascribed to the
error mentlioned above, and the remsinder was probably due to the effective
reduction of the minimum duct areas by boundary layers.

Impact-pressure recovery.- At any glven inlet-velocity ratio sbove
that for boundsry-layer separsition from the central body shead of the
inlet, the presence of the pilot's canopy and the nose-wheel Ffairing
of inlet A probably exerted little influence on the total-pressure
recovery at the locations of the pressure-recovery rakes. If this
essumption 1s true, the measurements are equivalent to those that would
be obtained for the Inlet 1n 1ts ennular form.

By
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The impact-pressure recovery was welghted sgainst area rather than
agalnst the local mass flow in the integration used to compute the
average pressure-recovery coefficient (see symbols) since no static
pressures in the ducts were measured. ILarger values would result i the
pressure recoveries were weighted agalnst maess flow. The increment
between the values given by the two methods would be largest for those
cases where extensive total-pressure gradients existed acrocss the duct
but would be negligible for those cases where the total-pressure distri-
bution was flat across almost the entire duct. The maximum increment
in impact-pressure-recovery coefficient that would be obtained by
welghting egainst mass flow rather than against area would occur in the
case of the diffuser survey of inlet A and 1s estimated to be of the
order of +0.05.

Externsl measurements.~- As In the case of the pressure-recovery
measurements, the presence of the pilot's canopy and nose-wheel failring
of inlet A is not believed to have had a large effect on the external-
surface pressure distribution and the losses measured by the external
survey rake. The external pressure drag and wake-survey drag coefflcients
were computed by neglecting the presence of the canopy and nose-wheel
falring; in other words, the measurements of pressure distribution
obtained in one radisl plane were treated as measurements in an axlally
symietrical flow fleld. The validity of comparing the measurements of
inlet A with those of the annuler inlets B and C is thus dependent
on the amount of canopy and nose-wheel-fairing interference.

The dets obtained at the subsonic Mach numbers with the external
survey rake were computed by the usual method of computing drag from a
weke survey (reference 6). The values of the drag coefficlents obtained
in this manner from the wake survey of the present investigation are
ugeful in evaluating changes 1in the forebody drag which result from
changes in the inlet-velocity ratio, Mach number, or model shape. «

External pressure drag.- The external pressure-drag coefficient has
been calculated from the pressure distributions measured at the supersonic
test Mach number by a method complementary to that of reference 7. The
basis of the method can be visusmlized by consideration of a hypothetical
inlet-afterbody combination. For annular inlets, the central body is
assumed to be cylindrical between the inlet and an ennular exit, the area
of which is calculated to obtaln free-stream pressure st this point.
Behind the exit, the central body is assumed to taper so gradually that
the pressure acting on its surface is equal to the free-stresm pressure,
and the exterior surfece of the inlet downstreasm of the meximum-dieameter
station is also assumed to taper so gradually thet free-stream pressure
acts on this surface. The external pressure drag is then defined as the
sum of the dragwise components of all pressure forces acting internally
and externally minus the internal drag resulting from the momentum defect
of the Jet. This momentum defect 1s assumed to arise only from the total-
pressure loss of a normal shock from the free-stream Mach number (internal
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flow assumed isentropic downstream of the normal shock). Negligible
differences would result if this momentum defect had been calculated from
the total-pressure loss through the actual shock configuration because of
the low supersonic free~stream Mach number. When calculated by the above
method, the external pressure drag reduces to the following expression

G
Dp = (1'12) £

The foregoing method neglects the effects of the central-body boundary
layer on the externasl-pressure forces. These effects are expected to be
negligible for conditions of unseperated central-body flow ahead of the
inlet.

2
a(r2) + :‘tf(rC) Pc a(r2) + m(vy - Vo) - Dol + PlAl
o]

The scarcity of pressure orifices in the vicinity of the leading edge
of the inlet 1ip led to an estimated precision in the external pressure-
drag coefficient of +0.02.

RESULTS AND DISCUSSICN

Impact Pressure Recovery

Representative impact-pressure-recovery distributions are presented
in figures 5 and 6, and the varligtion of the average-impact-pressure-
recovery coefficlent with inlet-veloclty ratio is presented iIn figures 7
and 8. Because of twin-duct flow instablility which 1s discussed in the
following section, the individual inlet-veloclty ratios of the two
branches of the duct of inlet A are not known below system inlet-velocity
ratios of approximastely 0.6; hence, &ll curves for inlet A are dashed
curves below this value of system lnlet-velocity ratio.

Inlet A.- At the lower system inlet-veloclty ratlos the central-
body boundery leyer of inlet A was relatively thick because of the
adverse pressure gradient acting shead of the inlet (fig. 5(a)}). As the
inlet-velocity ratio was increased this gradient was reduced and the
central-body boundary layer beceme thinner., An Impact pressure closely
approaching that of the free stream was avallable over much of the inlet
at the higher inlet-veloclity ratios at all Mach numbers including the
supersonic Mach number of 1.19. At the Mach number of 1.19 full free-
stream impact pressure was not obteined in 'any point in the inlet because
of small total-pressure losses through shocks on the central body.

Visual observation of the shock pattern on the central bodles with
the aid of a concentrated arc lamp showed an attached shock st the apex
of the central body and, since the test Mach number was grester than
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the minimum for supersonic flow on the surface, a normal shock, which

was estimated to be about one inch shead of the inlet, existed om the
central body. This normal shock curved graduslly rearward and, &t the
limits of the field of view, appeared to be spproaching the shock which
was attached at the apex of the central body. "As a result of the pressure
rise associated with the normal shock, the central-body boundary leyer at
the Inlet was thicker Ffor the supersonic Mach number then for any of the
subsonic Mach numbers.

Average pressure recoveries for inlet A measured at the entrance of
one branch of the intake duct and in the diffuser of the other branch of
the duct at longitudinsl station 3.05 where the area was 2.31L times the
inlet ares are presented in figure 7. The maximum values of pressure
recovery were high and were little affected by Mach number over the range
investigated. ’

Some of the curves of figure 7 show a rapld decrease Iln pressure
recovery gt inlet-velocity ratios of 0.4 to 0.6 as the inlet-velocity
ratio wes decreassed from the higher values. These decreases were caused
by boundary-layer separation from the central body shead of the inlet and
would be expected to occur at inlet-veloclty ratios of this order. OCther
curves, however, indicete high pressure recovery at very low inlet-velocity
ratios. Also, at the lower inlet-velocity ratios, the pressure recovery
measured in the diffuser of one branch of the duct sometimes was higher
than the pressure recovery meesured in the entrance of the other branch.
Both of these phenomens are explained by the fact that the individual
inlet-velocity ratios of the two branches of the duct were not.necesserily
the same as the system inlet-velocity ratio sgainst which the pressure-
recovery data are plotted because inlet A 1s subject to the type of
twin-duct-flow instability discussed in reference 8. At inlet-velocity
ratios less than 0.4 to O. 6, the 1nlet-velocity retioc of the branch of
the duct with the high pressure recovery was substantislly higher than
the system inlet-veloclity ratio; therefore the flow conditioms of this
branch of the duct were near those for meximum pressure recovery. The
inlet veloclty of the opposite branch of the duct was lower than the
gsystem Inlet-velocity ratio and, as a result, the Impact-pressure recovery
was low.

The existence of flow instablility is confirmed by measurements
obtained by a surface-pressure orifice on the central body near the inlet
of the duct containing the inlet reke (fig. 9). A discontinuity occurred
in the variation with inlet-veloclty retic of the statlic pressure messured
by this orifice when the system Inlet-veloclity ratio was reduced below
that for meximm impact-pressure recovery as indicated by a survey of the
pressure recovery in the venturi throat downstream of the junction of the
two ducts {fig. 7). This discontimiity could be caused only by an sbrupt
change in the inlet~velocity ratlo of the duct-branch entrance directly
behind the orifice. At inlet-velocity ratios below 0.6 the duct branch
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which contalned the inlet rake was operating at a veloclty retio hligher
than the system inlet-velocity ratlio and the other branch which contained
the diffuser rske was operating at an inlet-velocity ratio lower than the
system inlet-velocity ratio (fig. 9). _

Since no static-pressure measurements were mazde ingide the ducts,
the individusl inlet~velocity ratios of the two ducts of inlet A zre
not known. It was shown experimentally .as well as enalytically in
reference 8, however, that, above the minimim inlet-velocity ratio for
stable flow, the flow tends to divlide evenly between the two ducts. The
data presented herein therefore would be expected to be valid above this
value of inlet-velocity ratio which, in the present case, is the wvalue
of the inlet-velocity ratio 1n figure T below which the impact-pressure
recovery of either the inlet or diffuser first starts to decrease rapidly
as the inlet-velocity ratio. is reduced from the higher values. The
value of minimum inlet-velocity ratio selected in this manner (see fig. T)
is approximgtely the same as the lnlet-velocity ratio below which the
average impact-pressure recovery measured in the venturi (downstream of
the Junctlon of tke two branches of the ducts)_also starts to decrease
rapidly with decreases in the system inlet-velocity ratio.

Other tests (reference T) have indiceted thet Mach number has no
large effect on the minimum inlet-velocity rstic for high pressure recovery.
The high Mach number data of figure T Indicate high pressure recovery
down to an inlet-velocity ratio of 0.5, and the ldw—speed tests of refer-
ence 1 at a comparsble Reynolds number (short conical nose) indicated
high recovery at the 1nlet above an inlet~velocity ratic somewhere
between 0.4 and 0.6.

Substantial losses resulting from flow separation from the inner
surface of the inlet 1lip were meassured In the diffuser at the highest
inlet-velocity ratios (fig. 5(b), My =:0.40). These losses become
Important for the take-off gnd climb conditions. Numerous experiments
have shown, however, that such losses may be substantially reduced by
the use of lese curvature at the inlet 1lip.

At all Mach numbers except 0.40 the pressure recovery in the diffuser
dropped precipitously at the maximum inlet-velocity ratio as a result of
choking at the inlet. Impact-pressure measurements downstream of the
Inlet indicaete substantlial losses across the entire duct at this condition,
(figs. 5(b) and 7). As the exit area was increased beyond that for
choking at the inlet, the losses after diffusion progresslvely Increased
with the progression of the normal shock down the diffuser, whille the
inlet-velocity ratio remained constant. (See fig. 5(b), My = 1.19,

T";l = 0.76.) ’ _

o]

Inlets B and C.- Pressure-recovery curves are presented in figure 8
for the annular inlets B and C. .Despite the scarcity of test points in

Gnam——
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some cases, indicative curves can be drawm 1f it is admltted that the
Msch number difference of the curves for each inlet has smell effect on
the minimum inlet-velocity ratic for high pressure récovery. Although
the data do not permit a reliable conclusion to be drawn concerning the
relative performance of inlets B (conlcal nose) and C (curved nose), the
maximum pressure recovery shown by the highest test points for inlet B
appeers to be slightly higher than the maximum recovery shown for inlet C.

Vv
The single test point at Vl = 0.47 for inlet B at the supersonic Mach

a)
number sppears to Indicate that high pressure reccvery may be maintained

to an Inlet-velocity ratio slightly lower than that for inlet C. These
fragmentary results seem to 1ndicate that the central-body shape of inlet B
is slightly better than for inlet C insofar as the pressure-recovery
characteristics of the inlet are concerned.

The inlet-velocity-ratlio range for near maximum pressure recovery
is indicated in figure 8 to be appreciably less for inlet C than for
inlet B. This difference is caused in part by the higher inlet-veloclity
ratio required in the case of inlet C to avold boundary-layer separation
from the central body shead of the inlet and in part by the lower choking
inYet-velocity ratios indicsted for irnlet C. It 1s polnted ocut that the
differences in the Indicated choking inlet-veloclty ratios for inlets B
and C probably are & result of the previously mentloned inaccuracy in
measuring Inlet-velaclty ratio for choked inlet conditions rather than
en actual difference in the choking inlet-velocity ratios of the two Inlets.
Reference to figure 4 shows that the corresponding differences in mass-
flow coefficient Ao/Al are less than spproximately 3 percent.

Effect of fixed transition on pressure recovery.- Inasmuch as
boundgry-layer transition may be expected to occur relatively farther
forward on a full-scale aircraft than on the model tested, a transition
strip was applied to the nose of inlet A in one test to ingure transition
well shead of the inlet. Average-impact-pressure reccverles measured
gt two Mach numbers are presented in figure 10 and are compared with
corresponding average-impact-pressure recoveries measured with naturel
transition. In each casé the tramsition strip caused a slight reduction
of the maximum-impact-pressure recovery coefficient. At the Mach number
of 0.9 for the run with the transition strip, the flow distribution
between the two branches of the duct happened to be reversed from that
shown for the aserodymamically smooth configuration; these data, therefore,
cannot be used for determining the effect of fixing transition on the
minimum inlet-velocity ratio for high pressure recovery. Fortunately,
-however, the flow distribution between the two branches of the duct was
the same with and without transition at the Mach number of 1.19. The
curvegs of figure 10 for Mg = 1.19 sSeem tc indicate that the addition
of the transitlion strip had only a small effect on the minimum inlet-
velocity ratio for high pressure recovery. All the higher Mach number
data presented, therefore, would be expegted to be valid gt full-scale

Reynolds numbers.
S
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External Pressure Digtributions

Pressure distributions measured on the externsl cowling surface
downstream of the inlet are presented in figure 11. As was mentioned
in the discussion of the pressure-recovery measurements, the values of
inlet-velocity ratic shown for inlet A (fig. 11(2)) are calculated from
the total mass flow passing through both ducts, and the individual inlete-
velocity ratlio of either of the twin inlets is not known below system
inlet=velocity ratios of about 0.5 or 0.6.

At a Mach number of 0.k, the flow phenomeria are essentially the same
as those discussed in reference 3. At the higher inlet-veloclty ratios,
the pressure distributions were nearly flat. As the iInlet-veloclty rastlo
was decreased, the pressure distributions changed, as would be expected
from consideration of the relation between local engle of attack at the
1ip end inlet-velocity ratio. At the lowest inlet-velocity ratios, very
high negative pressure peasks were messured near the inlet lip. In some
cases, the manometer board helght was insufficient to measure these
pressures (fig. 11(a)), and these points are indiceted by arrows on the
pressure-~-distribution diagrems. Flow separation over the cowling is
Indicated by those curves for low inlet-velocity ratlios which exhiblt a
relatively broad region of high negative pressure coefficient near the lip.

The critical Mach mmber, defined as the Mach .number at which local
sonlc velocity is first attained in the flow over the cowling, could
easily be exceeded at low Mach numbers by reducing the lniet-velocity
ratio to those values for which large negatlve pressure peaks were induced
at the inlet 1ip. However, becasuse of the small extent Into the stream of
any shock present in this region (reference 9), apprecisable shock losses
and an assoclabed drag increase are not necessarily expected when these
pressure peaks at the inlet 1lip substantisally exceed the critical pressure
coefficlent. A normal shock causing important drag lncreases is indicated
In some cases where pressures substantially lower than the critical
pressure increase to velues corresponding toc subsonic velocities near or
downstream from the fuselage maxlmum diemeter.

For Mach rumbers of 0.90 and lower, the pressure distrlbutions
of inlet A (fig. 11(a)) show & compression to approximstely free-stresm
pressures slightly downstream from the fuselage meximum diameter. At
the Mach numbers of 0.94% and 1.19, this compression moved farther down-
stream beyond the last surface orifice on the model.

At those inlet-velocity ratios for which a nearly flat pressure
distribution is shown, the induced veloclties over the more gradusally
curved (and higher design critical Mach number) cowlings of inlets B
end C (figs. 11(b) and 11(c)) were substantially lower than those of inlet A
(fig. 11(a)). Consequently, for any specified supercritical Mach number,
the critical pressure coefficienk was not exceeded near the maximim diameter
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station by inlets B and C to as great a degree as by inlet A. The shock
losses and drag of inlets B and C would therefore be expected to be lower
than those for inlet A.

A comparison of the external pressure distributions of Inlets B
and C at several inlet-velocity ratios 1s shown by cross plots in figure 12.
Higher pressures are indiceted over the external surface of the nose inlet
with the curved centrel body (inlet C) as a result of the smaller effective
lip angle of attack. The difference in the shape of the central bodies,
however, had little influence on the pressures near the maximum diameter;
hence, the external drag of the two arrangements would not be expected to
differ importantly at the higher inlet-velocity ratios.

Wake-Survey Drag

Inlet-veloclty-ratic effects.- Results of the drag measurements made
with the external survey rake are presented in figure 13 as a function of
inlet-~velocity retio. At any particular Mach number, the drag was smellest
at the highest inlet-velocity ratios, where the drag alsc was relatively
ingengitive to inlet-velocity ratio, It will be rememhered that below
inlet~velocity ratios of approximately 0.6, the slopes of the curves for
inlet A are doubtful since the deta points are plotted as a function of
the system inlet-~velocity ‘ratio.

The source of the enormous Increases in drag which resulted when the
inlet-velocity ratio was reduced from the higher values may be seen by
exemination of the external pressure distributions and wake profiles. The
wake profiles are presented in figure 14 as the radial variation of point
drag coefficlent, which is the elemental drag coefficient calculated from
the flow momentum defect at & point. _ . .

The boundery layer of the extermal surface was very thin at the
low-drag high-inlet-velocity-ratio condition, but for those low-inlet-
veloclty ratios at which the large drag increases were measured, separsticn
of the flow from the external surface at the inlet lip is evidenced by
very lerge lncreases in the boundary-layer thickness shown by the wake
profiles. A good exasmple is provided by the data of inlet A for the Mach
mumber of O.4. As the inlet-velocity ratioc was reduced from the meaximum
value to 0.57, the drag coefficient increased slightly (fig. 13(=a}), and
a sharp local pressure peak formed at the inlet 1lip (figure 11(a)). At
lower inlet-velocity ratlos, thils sharp pressure peak dropped off and
broadened, signifylng separation, and the drag increased greatly. The
weke profiles (figure 14{a)) show a corresponding large increase in the
magnitude and extent of the boundery-lsyer losses.

Because of the smaller effective lip angle of sttack induced by the
curved central body, external-flow separtion and the resulting large

L
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drag increase were delayed to a lower inlet-velocity ratio for inlet C
(figs. 13(b), 1k(b), and 1i(c)) than for inlet B. The central body of
inlet C therefore appears tc be preferable to the central body of inlet B

with regeard to the minimum inlet-veloclty ratic that can be used without

incurring large increases In externsl dreag.

Shock losses.~ A large Increase in the weke-survey drag coefficlent
at the higher inlet-velocity ratios was measured for inlet A (fig. 13(a))
as the Mach number was increassed from subcritical speeds to 0.94. The
compression shock causing this drag increase 1s evidenced by the small
but extensive loss shown in the weke profiles at the higher Mach mumbers
(fig. 14(a)), and by the supercritical pressures which increase to values
corresponding to subsonic flow in the region near or downstream from the
meximm dismeter station .(fig. 11(a)). As was inferred from the pressure
distributions, the shock losses of the higher criticsl-speed inlets B
and C (figs. 1%(b) and 1h(c)) are smaller and less extensive than those
of inlet A. '

The varlation of the wake-survey drag coefficient with Mach number
for inlets A and B is presented in figure 15 for inlet-velocity ratios
of 0.6, which 1s near the minimm for high pressure recovery, and 1.0.
This figure wes obtalned by cross-plotting the curves of figure 13. The
draeg of inlet A for both inlet-veloclity ratios rose sharply above & Mach
number of sbout 0.8, beyond which there was little difference in the
drags for these inlet-velocity ratilos.

At the Mach number of 0.8 for both inlet-velocity ratios, the drag of
Inlet A was approxlimetely equal to that of inlet B. DIata are not available
over a range of inlet-velocity ratios for inlets B and C at Mach numbers
other than 0.8. However, inesmuch as the curves of figure 13 show that
very little change in drag resulted when the inlet-velocity ratio was
increased gbove 1.0, drag velues measured only &t the maximum test inlet-
velocity ratios at higher Mach numbers are plotted for inlet B in figure 15
and may properly be used for defining the curve for the inlet-velocity
retio of 1.0. This curve then shows that the drag of inlet B has risen
but slightly up to a Mach number of 0.9%, end is there much smaller than
the drag of inlet A. It seems likely that the relstionship between the
drags of Inlets A and B at the inlet-velocity ratio of 1.0 would be
unaltered at the inlet-velocity retio.of 0.6. These results emphasize
the importance of using a high-critical-speed cowling shape.

The f£lagged symbols in figure 15 for inlet A at the Mach number
of 0.9 are for the case where transition was fixed on the central body
and inlet lip. The differences in the locations of these symbols indicate
the drag increase which resulted from the tramnsition strip. This drag
increase is of the magnitude that would be expected due to the eliminstion
of leminer flow on the cowling surface.
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For the three nose inlets of references T and 9 it was found thsat
sharp pressure peaks Induced at the inlet lip at low-inlet-veloclity ratios
resulted in no appreciable effect on the drag at subsonic Mach numbers
above the critical Mach number. Wake-gurvey measurements indiceted that
the ghock losses were essentlally unaffected by the pressure pesk 1ln spite
of the local supersonic Mach numbers indicated by the peak. This same
vhenomenon is shown by the data of inlet A for the Mach number of 0.79
and bi)the data of inlets B and C for the Mach number of 0.80 (figs. 11l
and 14).

Consider the case of inlet A. A sharp pressure peak was meagured at
the inlet lip at a system inlet-velocity ratio of zero (fig. 1l1(a)). This
pressure pesk corresponds to a relstlvely high local supersonic Mach
number from which the flow was gradually compressed to subsonic velocities.
An inspection of the wake profiles for this Mach number (0.79) shows no
evidence of shock losses (fig. 1L4(a)) with the high negative peak pressure

v
coefficient present vl = 0] but indicates that the drag increase shown

o
in figure 13(a) results from externasl separation of the flow at the inlet
lip. A different behavior is indicated by the data for Mach numbers
of 0.85 and 0.90, however. It is shown in figure 11l(a) that the Mach
number ahead of the normal shock, and consequently the losses through
this shock, were increased as the inlet-veloclty ratio was reduced to
very low values. Thils phenomenon is illustrated by the wake profile for
the Mach number of 0.90 (fig. 1l4(a)) where it is seen that the large drag
increagse measured &t zero Inlet-veloclity ratio is due in large part to the
increased shock losses.

The megnitude of the drag incresse caused by reducing the inlet-
velocity ratio will be appreclated when compared with the drag of a
complete alrplane. The drag coefficient of the D-558-II alrplane, for
example (reference 10), varies from values of approximately 0.02 to 0.08
through the transonic speed range (based on wing area). The maximum
increase in the wake-survey drag coefficient for inlet A, M = 0.9
(fig. 13(a)) which resulted from reducing the inlet-velocity ratio to
epproximetely 0.1 from the higher velues was 0.024 (based on wing ares).

Supersonic External Pressure Drag

The relative external pressure drags of inlets A and B at the
supersonic test Mach number have been estimated from the external pressure
distributions with the assumption that the presence of the pllotls
canopy and nose-wheel fairing of inlet A had no large effect on the
pressures at the row of pressure orifices. The method of galculating the
external pressure-drag coefficient is discussed in the sectlon entitled
"Methods and Precision," where 1t was shown that the calculation required
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knowledge of the force on the central body. Inasmuch as no surface
pressures were measured on the central bodies with the exception of that
measured by the single pressure orifice previously mentioned, the com-
parison of the external pressure drags of inlets A and B is made by
comparing for each Inlet the velue of the external pressure-drag coef-
ficlent less the central-body force coefficient. Inlets A and B had the
same central body, so that the force on the central body at any given
inlet-velocity ratio should be the same for each inlet, and the difference
in the quantity CDp - CFc for each inlet at a gliven inlet-velocity ratio

would therefore be the difference in the externsl pressure-drag coefficients.

The quantlity (C -C is presented &s a function of inlet-velocity ratio
Dp = Ve

in figure 16, where it is indicated that the external pressure drag of
inlet B i1s substantially lower than that of inlet A.

In order to estimate roughly the magnitude of the pressure-drag
coefficients of inlets A and B and compare these magnitudes with those .
of other bodlies, the force on the conical centrsl body of inlets A and B
was estimated at an inlet-velocity ratio of 0.6. The pressure acting
on the conical central body from the apex to the normsl shock shead of
the inlet was calculated from knowledge of the cone angle and free-stream
Mach number. The pressure was assumed to Jump suddenly at the shock
position to the value glven for a normal shock from the supersonic Mach
number on the cone. The pressure on the central body at the lnlet was
assumed equal to the value calculated from the one-dimensional value of
inlet-velocity ratlo. Between the shock positlon and the inlet, the
pressure was simply assumed 0 vary linearly when plotted as a function
of the square of the central-body radius. (The pressure measured by the
only ave)a.ilable nose-pressure orifice agreed well with this asssumed distri-
bution. : '

The extermnal pressure-drag coefficients obtalned by adding the
estimated central-body force coefficient to the values of CDp - CFc for

inlets A and B at an inlet-velocity ratio of 0.6 are shown in figure 16.
The two points shown for each inlet correspond to two different assumptions
of the shock position as indicated by the shadowgraph observation. The
higher polnts were calculsted with the normal shock assumed 1% inches
ghead of the inlet, and the lower polints were calculated with the shock
assumed 1 inch shead of the inlet. The pressure drags of the NACA 1-40-200
nose Inlel and a solid elliptical nose of ellipsold fineness ratio 6
(major-to-minor axis ratio) are presented for comparison in figure 16.
These data were obtained from reference 7. Imlet A is indicated to have
the highest drag of all configurations, and the dreg of inlet B is approxi-
mately equal to that of the NACA 1-40-200 nose inlet, which is about

30 percent higher than that of the closed-nose body.
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Design Considerations

The results of the Investigation indicate that the inlet arrangements
investigated achieve the obJective of avolding important adverse boundary-
layer interaction effects on the internal flow in the transonic range,
st least up to a Mach number of 1.19. The configurstions investigated
obviously are not optimum, however.

The reduction in the external drasg at transonic speeds which resulted
from replacing the low critical Mach number nose inlet of 1nlet A with the
more gradusally curved, higher critical Mach number nose inlet of Inlet B as
well as the tests of references 7T and 9 suggest that further improvement in
the transonic drag of the inlet may be effected by utilizing an external shape
of gtill higher critical speed. As the curvature of the external surface
is decreased to obtain lower induced velocities and higher critical speeds,
other things remalning constant, the minimwm inlet-velocity ratio needed
to prevent a pressure pesk at the inlet 1ip 1s expected to ilncrease.

Since increasing the inlet-veloclty ratioc to the higher values needed
to remove the pressure peaks on the inlet 1lip may reduce the ultimate
pressure recovery, the Improvement in the external characteristics must
be compromised with the Impairment of the internal charescteristics. The
gains to be realized in removing the pressure pesk at the lip may be
elther very large or guite small. If the peak 1s quite localized at the
1ip with a rapid compression reerward, the ornly appreciably detrimentsal
- result may consist of a forward movement of the boundaery-layer transition
point, which for full-scale alrcraft mey involve a very small increase
in dreg. If the pesk 18 broad, the flow msay separate from the lip, or
the strength of the normal shock on the externsl surface may increase with
very large drag increases possible. . . .

The present data also indicate that a small amount of curveture may
be Incorporsted in the nose profile wlthout affecting the intermal pressure-
recovery characteristics of the inlet sppreciably. This curvature would i
provide increased volume in the nose and, st the same time, by reducing
the effective flow angle at the 1lip, would reduce the value of inlet-
veloclty ratio required to avoid the formation of a pressure peak on the
lip. : ' :

Further research is required to establish the optimum configurstion
of thies type of inlet from the viewpoint of further increasing the
pressure recovery and reducing the dreag.
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CONCLUSIONS

The following major conclusions were drswn from an investigation of
three fuselage air inlets designed specifically to avold ilmportant =dverse
boundary~layer shock-interaction effects on the internal-flow predsure
recovery up to a small supersonlc Mach number:

1. The meximm values of Impact-pressure recovery coefficlient were
high (approximately 0.96 at the inlet of configuration A) and were little
affected by Mach mmber over the range investigated, even for the super-
sonic Mach number 1.19.

2. A reduction of inlet-velocity ratio below the value for an
epproximately flat external pressure dlstribution led to reduced pressures
over the external surface nesr the irnlet 1ip. At the subsonic Mach
numbers, these reduced pressures took either the form of a sharp peak
in the distribution, with a raplid compression rearward and only a small
Increage in external drag, or a broader peak which was associgted with
very lerge drag increeses. Wake surveys showed that these large drag
increases resulted from separation of the externel flow at the iInlet 1lip
and, In some cases, from increased shock losses.

3. Externel-flow separastion at the inlet 1ip wes delayed to a lower
inlet-veloclity ratioc by substituting a curved nose for the conlcal nose
of one configuration. This change led, however, to a small reductilon in
the meximum impact-pressure recovery.

L, At inlet-velocity ratios in the range of those suitasble for high-
speed operating condlitlons, the wske-survey drag coefficient of ome
configuration rose sharply above & Mach number of 0.8. The drasg of ancther
configuration which had an external shape of higher critical speed,
increassed very little up to & Mach mumber of 0.9k,

5. The use of the externsl shape of higher criticsl speed resulted
also in & substantial reduction in the external pressure-drag coefficlent
at the supersonic Mach number. The pressure drag of this configuratlion
was estimated to be approximately equal to that of the NACA 1-40-200 nose
inlet and 30 percent greater than that of a closed nose of fineness
ratio 6.0.

Langley Aeronautical Leboratory
National Advisory Committee for Aeronsutics
Langley Air Force Base, Va.
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TABIE J.- CANOPY COORDINATES « Concluded

(b) Top of Canopy
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TABLE II,- NOSE-WHEEL-FATRING COORDINATES « Concluded

(b) Bottom of Wheel Well

Zy =0
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TABIE T

iT

CENTRAL BODY COORDINATES

EAll dimensions are in inches]

Inlet A Inlet B Inlet C
X e X rec X rc
-5.973 0] -5.973 o -5.973 o
0 1.001 0 1.001 -5.650 0.090
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